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Description
FIELD

[0001] The embodiments discussed herein are related to a noise suppression device, a noise suppression method,
a computer program for noise and a non-transitory computer-readable recording medium storing program for noise
suppression.

BACKGROUND

[0002] A noise suppression device that suppresses noise after converting input signals in(t) into a frequency domain
signal, inversely converts the frequency domain signal into a time domain signal, and outputs the signal out (t) is known.
[0003] Such noise suppression devices are installed in devices of many types such as mobile phones. In recent years,
devices that include a noise suppression device each include multiple microphones for collecting sounds, and distances
between microphones included in each device tend to be larger.

[0004] As aconventional noise suppression method, a method (beam forming) using an amplitude ratio is known (refer
to, for example, Japanese Laid-open Patent Publication No. 2014-137414). However, when a distance between micro-
phones is large, the sensitivities of the microphones are not equal due to the positions of the installed microphones and
vocal tract shapes. When microphones that have sensitivities between which the difference is large are used and noise
suppression is executed using an amplitude ratio, a target sound (voice) is largely distorted.

SUMMARY

[0005] Accordingly, it is an object in one aspect of the invention to provide to provide a noise suppression device, a
noise suppression method, a program, and a recording medium that may suppress noise while suppressing distortion
of a target sound even when a distance between microphones is large and a difference between the sensitivities of the
microphones is large.

[0006] According to an aspect of the invention, a noise suppression device configured to suppress noise in signals
input from a plurality of microphones, the noise suppression device includes a generator configured to generate, on
basis of phase differences between phases of the signals input from the plurality of microphones for each frequency,
additional data obtained by rotating the phase differences;an estimator configured to select, on basis of the phase
differences in a frequency band in which the phase differences are not rotated, one or multiple ranges in association
with a direction in which a sound source of a target sound included in the input signals exists at a high probability, the
one or multiple ranges being defined on a frequency and phase difference plane, and to estimate, on basis of the phase
differences and the additional data, a range that is among the selected one or multiple ranges and in which exists the
sound source; and an output signal generator configured to generate, on basis of a suppression coefficient set on basis
of a result of determination of whether or not the sound source exists in the estimated range, a output signal in which
the noise in the input signals is suppressed.

BRIEF DESCRIPTION OF DRAWINGS
[0007]

FIG. 1is afunctional block diagram illustrating an example of a configuration of a noise suppression device according
to a first embodiment;

FIG. 2 is a diagram schematically illustrating the flows of signals according to the first embodiment;

FIG. 3 is a diagram describing a first example of range setting;

FIG. 4 is a diagram describing a second example of the range setting;

FIG. 5 is a diagram describing a third example of the range setting;

FIG. 6 is a diagram describing the third example of the range setting;

FIG. 7 is a diagram describing a fourth example of the range setting;

FIG. 8 is a diagram describing the fourth example of the range setting;

FIG. 9 is a part of an example of a flowchart of a noise suppression process according to the first embodiment;
FIG. 10 is the other part of the example of the flowchart of the suppression process according to the first embodiment;
FIG. 11 is a diagram illustrating a first specific example describing the noise suppression process according to the
first embodiment;

FIG. 12 is a diagram describing a method of identifying a first sound source in the first specific example;

FIG. 13 is a diagram describing a method of identifying a second sound source in the first specific example;
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FIG. 14 is a diagram describing a third sound source in the first specific example;

FIG. 15 is a diagram illustrating a second specific example describing the noise suppression process according to
the first embodiment;

FIG. 16 is a diagram describing a method of identifying a sound source in the second specific example;

FIGs. 17A and 17B are diagrams describing effects of the noise suppression process according to the first embod-
iment;

FIG. 18 is a functional block diagram illustrating an example of a configuration of a noise suppression device
according to a second embodiment;

FIG. 19 is a diagram describing a method of identifying a range in which a sound source exists according to the
second embodiment;

FIG. 20 is a diagram describing the method of identifying a range in which a sound source exists according to the
second embodiment; and

FIG. 21 is a diagram illustrating an example of a hardware configuration of each of the noise suppression devices
according to the embodiments.

DESCRIPTION OF EMBODIMENTS
[0008] Hereinafter, embodiments are described with reference to the accompanying drawings.
<First Embodiment>

[0009] FIG. 1is a functional block diagram illustrating an example of a configuration of a noise suppression device 1
according to the first embodiment. FIG. 2 is a diagram schematically illustrating the flows of signals according to the first
embodiment.

[0010] The noise suppression device 1 according to the first embodiment converts signals ink(t) (input signals in1(t)
and in2(t) in the example of FIG.2) input from multiple microphones MCk (microphones MC1 and MC2 in the example
of FIG. 2) into a frequency domain signal, suppresses noise after the conversion, inversely converts the frequency
domain signal into a time domain signal, and outputs the time domain signal out(t). In this case, k is an integer of "2" or
larger. Unless otherwise distinguished, the microphones MCk are collectively referred to as microphones MC and the
input signals ink(t) are collectively referred to as input signals in(t). The noise suppression device 1 includes an input
unit 10, a storage unit 20, an output unit 30, and a controller 40, as illustrated in FIG. 1.

[0011] The input unit 10 includes an audio interface, an audio communication module, or the like, for example. The
input unit 10 receives the input signals in(t) to be processed and converts the received input signals in(t) into digital
signals at a sampling frequency Fs. Then, the input unit 10 outputs the input signals in(t) converted into the digital signals
to an orthogonal transforming unit 4B, as illustrated in FIG. 2. The orthogonal transforming unit 4B is described later in
detail.

[0012] The storage unit 20 includes a random access memory (RAM), a read only memory (ROM), and the like. The
storage unit 20 functions as a work area of a central processing unit (CPU) included in the controller 40 and functions
as a program area for storing various programs such as an operation program to be executed to control the overall noise
suppression device 1, for example. In addition, the storage unit 20 functions as a data area for storing data of various
types such as microphone distance information indicating a distance D between the microphones MC connected to the
noise suppression device 1, sampling frequency information indicating the sampling frequency Fs, sound speed infor-
mation indicating a sound speed C, and frame length information indicating a frame length Lg. In the data area, a
maximum frequency bin Bmax (described later in detail) calculated by a range setting unit 4A (described later in detail)
and range information indicating set phase difference ranges (described later in detail) are stored.

[0013] The sound speed information may be information indicating a sound speed C at each temperature or may be
information indicating a sound speed C at the temperature of a general environment in which the noise suppression
device is used. When the sound speed information indicates a sound speed C at each temperature, a temperature
sensor may measure the temperature of the environment in which the noise suppression device is used and the noise
suppression device may identify a sound speed C at the measured temperature.

[0014] The output unit 30 includes an audio interface, an audio communication module, or the like, for example. The
output unit 30 outputs the signal out(t) after noise suppression.

[0015] The controller 40 includes the CPU and the like, for example. The controller 40 executes the operation program
stored in the program area of the storage unit 20 and thereby achieves functions as the range setting unit 4A, the
orthogonal transforming unit 4B, a phase difference calculator 4C, an additional data calculator 4D, a range selector 4E,
an identifying unit 4F, a suppression coefficient calculator 4G, a suppression processing unit 4H, and an inverse orthog-
onal transforming unit 41, as illustrated in Fig. 1. The controller 40 executes the operation program and thereby executes
processes such as a process of controlling the overall noise suppression device 1 and a noise suppression process
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(described later in detail).

[0016] The range setting unit 4A sets a plurality of ranges (hereinafter referred to as phase difference ranges) of phase
differences, while the ranges are defined by boundary lines on a frequency bin and phase difference plane. In addition,
the range setting unit 4A acquires the sound speed information and microphone distance information stored in the data
area of the storage unit 20 and calculates, according to the following Equation 1, a maximum frequency Fmax at which
phase rotation does not occur.

Fmax = %/p x 2 Equation 1

[0017] Then, the range setting unit 4A acquires the frame length information and sampling frequency information
stored in the data area of the storage unit 20 and converts the maximum frequency Fmax into the maximum frequency
bin Bmax according to the following Equation 2. Specifically, Bmax indicates the maximum frequency Fmax expressed
by the frequency bin.

C X Lg

———— Equation 2
2xF, XD q

L
Bmax = Fmax X F/Fs =

[0018] Then, the range setting unit 4A causes the range information indicating the set phase difference ranges and
the maximum frequency bin Bmax indicating the calculated maximum frequency Fmax expressed by frequency bin to
be stored in the data area of the storage unit 20. The range information may be information of the boundary lines BL
defining the phase difference ranges, for example.

[0019] For example, when the sound speed C is 340 m/s, the distance D between the microphones is 0.1 m, the
sampling frequency Fs is 8 kHz, and the frame length L is 256, Fmax = 340 /0.2 = 1,700 Hz and Bmax = 1700 X 256
/ 8000 = 54.4 bins.

[0020] Examples of the phase difference ranges set by the range setting unit 4A are described below with reference
to FIGs. 3 to 8. FIG. 3 is a diagram describing a first example of the range setting. Referring to FIG. 3, phase difference
ranges are defined between pairs of adjacent boundary lines BL, and angles formed by the pairs of boundary lines BL
defining the phase difference ranges are set to be equal to each other in the first example. In the first example, a frequency
is indicated by X axis, a phase difference is indicated by Y axis, and the range setting unit 4A may define the boundary
lines BL by using straight lines expressed by y = ax and thereby set the phase difference ranges. For example, inclinations
o of the straight lines expressed by y = ax which indicates the boundary lines BL may be defined as o= 0.01 X a (ais
integers). In this case, the range setting unit 4A may calculate the maximum value o,,,, among the inclinations o and
define the boundary lines BL so as to ensure that absolute values |a| of the inclinations o do not exceed the maximum
value opay.

[0021] The maximum value o,y is an inclination of a straight line y = ax which takes "r" at the maximum frequency
bin Bmax corresponding to the maximum frequency Fmax expressed by a frequency bin, in which the maximum frequency
Fmax corresponds to the maximum frequency at which phase rotation does not occur. Thus, the range setting unit 4A
may calculate the maximum value o5, according to the following Equation 3 using the Equation 2.

Q. — Tt/ = M Equation 3
max Brax C X Ly

[0022] For example, when the sound speed C is 340 m/s, the distance D between the microphones is 0.1 m, the
sampling frequency Fs is 8 kHz, and the frame length L is 256, a.,,, = 3.14 / 54.4 = 0.058. In this case, the range setting
unit 4A uses 11 boundary lines BL to set phase difference ranges, as illustrated in FIG. 3.

[0023] FIG. 4 is a diagram describing a second example of the range setting. Referring to FIG. 4, phase difference
ranges are defined by pairs of adjacent boundary lines BL, and angles formed by the pairs of boundary lines BL defining
the phase difference ranges are set to ensure that as phase differences included in a range are closer to "0", the angle
formed by the boundary lines BL is smaller in the second example. In the second example, the range setting unit 4A
may define the boundary lines BL so as to ensure that absolute values |a| of the inclinations a. do not exceed the maximum
value o4y, similarly to the first example.

[0024] FIGs. 5and 6 are diagrams describing a third example of the range setting. Referring to FIG. 5, phase difference
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ranges are set to ensure that each of the phase difference ranges includes a part overlapping a part of at least any of
phase difference ranges adjacent to the phase difference range in the third example. In the third example, as illustrated
in FIG. 6, the range setting unit 4A may set inclinations a1 of lower limit boundary lines BL defining the phase difference
ranges and inclinations a2 of upper limit boundary lines BL defining the phase difference ranges and thereby set the
phase difference ranges so as to ensure that each of the phase difference ranges includes a part overlapping a part of
at least any of phase difference ranges adjacent to the phase difference range. In the third example, the range setting
unit 4A may define the boundary lines BL so as to ensure that the absolute values |a| of the inclinations o do not exceed
the maximum value o,,,,, similarly to the first example. In this manner, by setting the phase difference ranges to ensure
that each of the phase difference ranges includes a part overlapping a part of at least any of phase difference ranges
adjacent to the phase difference range, data on the boundary lines may be included in any of the phase difference ranges
and handled. Thus, the accuracy of estimating a phase difference range in which a sound source exists may be improved.
[0025] FIGs. 7 and 8 are diagrams describing a fourth example of the range setting. Referring to FIG. 7, at least some
of y-intercepts B of the straight lines indicating boundary lines BL defining phase difference ranges is set to values other
than "0" in the fourth example. For example, the range setting unit 4A may set, as the boundary lines BL, straight lines
y = ax + B defined by combinations of inclinations o and y-intercepts B illustrated in FIG. 8 and thereby set the phase
difference ranges by the boundary lines BL including boundary lines BL of which y-intercepts B are set to values other
than "0". The method of defining the phase difference ranges by boundary lines BL indicated by straight lines having y-
intercepts  set to values other than "0" is applicable to the aforementioned first to third examples.

[0026] Returning to FIGs. 1 and 2, the orthogonal transforming unit 4B divides each of the input signals in(t) after the
digital conversion into frames. Then, the orthogonal transforming unit 4B executes orthogonal transform such as fast
Fourier transform on the input signals in(t) divided into frames so as to convert the input signals in(t) in each of the frames
into the frequency domain signal and generates input spectra X(f) composed of amplitude spectra |X(f)| and phase
spectra argX(f) for each frequency (frequency bin). Then, the orthogonal transforming unit 4B outputs the generated
amplitude spectra |X(f)| to the suppression processing unit 4H and outputs the phase spectra argX(f) to the phase
difference calculator 4C and the inverse orthogonal transforming unit 41.

[0027] The phase difference calculator 4C calculates, as phase differences, differences between phase spectra argX(f)
for each the same frequency (or the same frequency bin). Then, the phase difference calculator 4C outputs the calculated
phase differences to the additional data calculator 4D, the range selector 4E, and the identifying unit 4F, respectively
as illustrated in FIG. 2.

[0028] The additional data calculator 4D calculates, as additional data, the phase differences = nzn (n is an even
number) based on the input phase differences for the each frequency (frequency bin). Specifically, the additional data
calculator 4D generates the additional data by rotating the phase in each the phase difference. Then, the additional data
calculator 4D outputs the calculated additional data to the identifying unit 4F, as illustrated in FIG. 2. The even number
n is defined by the following Equation 4.

FgxD

n= {the minimum even number satisfying ( -1< n)} Equation 4

[0029] For example, when the sound speed C is 340 m/s, the distance D between the microphones is 0.1 m, and the
sampling frequency Fs is 8 kHz, n = {the minimum even number satisfying (8000 X 0.1/340)-1=1.35<n}orn = 2.
Thus, in this case, the additional data calculator 4D calculates the phase differences + 2r as the additional data.
[0030] Basedonthe inputphase differences, the range selector 4E selects, in a frequency band in which phase rotation
does not occur, a phase difference range in which a sound source may exist at a high probability. Specifically, the range
selector 4E acquires the range information and the maximum frequency bin Bmax obtained by expressing the maximum
frequency Fmax in terms of the frequency bin, the maximum frequency Fmax being at which phase rotation does not
occur. The range information and the maximum frequency bin Bmax are stored in the data area of the storage unit 20.
Then, the range selector 4E selects, in the frequency band in which phase rotation does not occur, one or more phase
difference ranges in which many phase differences exist. Then, the range selector 4E outputs the results of the selection
to the identifying unit 4F as illustrated in FIG. 2.

[0031] For example, the range selector 4E may select, in the frequency band in which phase rotation does not occur,
a main phase difference range in which the number of phase differences Nmax is the largest and select a secondary
different phase difference range in which the number of phase differences is Ns, where (Nmax - Ns) is equal to or smaller
than a predetermined first threshold Z1. In addition, for example, the range selector 4E may select, in the frequency
band in which phase rotation does not occur, a main phase difference range in which the number of the phase differences
Nmax is the largest and select a secondary phase difference range in which the number of phase differences is Ns,
where the ratio Ns/Nmax is equal to or smaller than a predetermined second threshold Z2.

[0032] The identifying unit 4F identifies, among the phase difference ranges selected by the range selector 4E, a
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phase difference range in which the sound source exists, that is, the phase difference range exists in the direction toward
the sound source. Specifically, the identifying unit 4F identifies, among the phase difference ranges selected by the
range selector 4E, the phase difference range in which the number of phase differences and the phase differences +
nr (additional data) is larger than a predetermined third threshold Z3 in an entire frequency band. In this case, when the
identifying unit 4F does not identify the phase difference range in which the number of phase differences and the phase
differences * nn (additional data) is larger than the predetermined third threshold Z3, the identifying unit 4F identifies,
among the phase difference ranges selected by the range selector 4E and estimated as ranges in which the sound
source may exist, a phase difference range in which the number of phase differences and the phase differences = nrn
(additional data) is the largest in an entire frequency band. The accuracy of phase differences in a low-frequency band
in which phase rotation does not occur is low. Thus, even when multiple phase difference ranges are selected, the
identifying unit 4F may narrow down the selected phase difference ranges to a phase difference range in which the
sound source may exist at a high probability by identifying the phase difference range in which the number of phase
differences and the phase differences = nrn (additional data) is larger than the predetermined third threshold Z3. Then,
the identifying unit 4F outputs the result of the identification to the suppression coefficient calculator 4G.

[0033] The suppression coefficient calculator 4G determines whether or not the sound source exists in the range
(estimated phase difference range) in the direction toward the estimated sound source. Then, the suppression coefficient
calculator 4G calculates, for each of the frequencies (frequency bins) based on the result of the determination, suppression
coefficients G(f) to be used to suppress noise in the input signals in(t). Specifically, the suppression coefficient calculator
4G determines whether or not any of the phase differences and the additional data is included in the phase difference
range identified by the identifying unit 4F in a middle- or high-frequency band that excludes the frequency band in which
phase rotation does not occur or that is higher than the maximum frequency Fmax at which phase rotation does not
occur. In this case, the suppression coefficient calculator 4G may determine whether or not any of the phase differences
and the additional data is included in the phase difference range identified by the identifying unit 4F in the entire frequency
band. Alternatively, the suppression coefficient calculator 4G may determine whether or not any of the phase differences
and the additional data is included in the phase difference range identified by the identifying unit 4F in the middle- or
high-frequency band higher than the maximum frequency Fmax at which phase rotation does not occur, and the sup-
pression coefficient calculator 4G may determine whether or not the phase differences are included in the phase difference
range identified by the identifying unit 4F in the low-frequency band that is equal to or lower than the maximum frequency
Fmax at which phase rotation does not occur.

[0034] When any of the phase differences and the additional data is included in the phase difference range, the
suppression coefficient calculator 4G calculates 1.0 as a suppression coefficient G(f). When the phase differences and
the additional data are not included in the phase difference range, the suppression coefficient calculator 4G calculates
Gmin as the suppression coefficient G(f), that is, G(f)=Gmin. Gmin is a value satisfying 0 < Gmin < 1 and is set based
onthe amountof noise to be suppressed. Then, the suppression coefficient calculator 4G outputs suppression coefficients
G(f) calculated for each of the frequencies (frequency bins) to the suppression processing unit 4H.

[0035] When multiple phase difference ranges are identified by the identifying unit 4F, the suppression coefficient
calculator 4G determines whether or not the sound source exists for each of the identified phase difference ranges, and
the suppression coefficient calculator 4G calculates the suppression coefficients G(f) for each of the frequencies (fre-
quency bins) based on the results of the determination. The suppression coefficients G(f) are to be used to suppress
noise in the input signals in(t). Specifically, when a first phase difference range and a second phase difference range
are identified by the identifying unit 4F, the suppression coefficient calculator 4G calculates suppression coefficients
G(f) for the first phase difference range and calculates suppression coefficients G(f) for the second phase difference range.
[0036] The suppression processing unit 4H multiplies the input amplitude spectra |X(f)| by the input suppression
coefficients G(f) and calculates amplitude spectra |Y(f)| after the suppression for each of the frequencies (frequency
bins) according to the following Equation 5. Then, the suppression processing unit 4H outputs the calculated amplitude
spectra |Y(f)| after the suppression to the inverse orthogonal transforming unit 41, as illustrated in FIG. 2. When the
multiple phase difference ranges are identified by the identifying unit 4F, the suppression processing unit 4H multiplies
amplitude spectra |X(f)| by corresponding suppression coefficients G(f) for each of the identified phase difference ranges
and calculates amplitude spectra |Y(f)| after the suppression for each of the frequencies (frequency bins).

[Y(D| = G(f) x [X(D)] Equation 5

[0037] The inverse orthogonal transforming unit 4| executes inverse orthogonal transform on the input phase spectra
arg X(f) and the amplitude spectra |Y(f)| after the suppression and thereby generates an output signal out(t) in the time
domain. Then, the inverse orthogonal transforming unit 4| outputs the generated output signal out(t) through the output
unit 30.
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[0038] When the multiple phase difference ranges are identified by the identifying unit 4F, the inverse orthogonal
transforming unit 41 executes the inverse orthogonal transform on the input phase spectra arg X(f) and the amplitude
spectra |Y(f)| after the suppression that correspond to the input phase spectra arg X(f) for the identified phase difference
ranges and thereby generates the output signal out(t) in the time domain. Specifically, when the multiple phase difference
ranges are identified by the identifying unit 4F, the inverse orthogonal transforming unit 41 generates, for the identified
phase difference ranges, the output signals out(t) in which a sound whose sound source exists in another range is
suppressed. In this case, the inverse orthogonal transforming unit 41 outputs the output signals out(t) selected by a user
through the output unit 30, for example.

[0039] Next, the flow of a noise suppression process according to the first embodiment is described with reference to
FIGs. 9 and 10. FIG. 9 is a part of an example of a flowchart describing the flow of the noise suppression process
according to the first embodiment, while FIG. 10 is the other part of the example of the flowchart. The noise suppression
process is started when the signals in(t) are input.

[0040] The orthogonal transforming unit 4B executes an orthogonal transform process on input signals in(t) and gen-
erates input spectra X(f) composed of amplitude spectra |X(f)| and phase spectra argX(f) for each of the frequencies
(frequency bins) (in step S001). Then, the orthogonal transforming unit 4B outputs the generated amplitude spectra
|X(f)| to the suppression processing unit 4H (in step S002) and outputs the phase spectra argX(f) to the phase difference
calculator 4C and the inverse orthogonal transforming unit 4l (in step S003).

[0041] Then, the phase difference calculator 4C calculates, as a phase difference, a difference between phase spectra
argX(f) of the same frequency (or the same frequency bin) for each of the frequencies (frequency bins) (in step S004).
Then, the phase difference calculator 4C outputs the calculated phase differences to the additional data calculator 4D,
the range selector 4E, and the identifying unit 4F (in step S005).

[0042] Then, the range selector 4E selects, based on the input phase differences, one or multiple phase difference
ranges in which a sound source may exist at a high probability in the frequency band in which phase rotation does not
occur (instep S006). Then, the range selector 4E outputs the results of the selection to the identifying unit 4F (in step S007).
[0043] Then, the additional data calculator 4D calculates the phase difference = nn (additional data) based on the
input phase difference for each of the frequencies (frequency bins) (in step S008). Then, the additional data calculator
4D outputs the calculated additional data to the identifying unit 4F (in step S009).

[0044] Then, the identifying unit 4F identifies a phase difference range that is among the phase difference ranges
selected by the range selector 4E and in which the sound source exists (in step S010). In the first embodiment, the
identifying unit 4F identifies a phase difference range that is among the phase difference ranges selected by the range
selector 4E and in which the number of the phase differences and the phase differences = nxn (additional data) is larger
than the predetermined third threshold Z3. Then, the identifying unit 4F outputs the result of the identification to the
suppression coefficient calculator 4G (in step S011).

[0045] Then, the suppression coefficient calculator 4H calculates, for each of the frequencies (frequency bins), sup-
pression coefficient G(f) to be used to suppress noise in the input signal in(t) and outputs the calculated suppression
coefficient G(f) to the suppression processing unit 4H (in step S012).

[0046] Then, the suppression processing unit 4H multiplies the amplitude spectra |X(f)| by the suppression coefficients
G(f) and thereby calculates amplitude spectra |Y(f)| after the suppression for each of the frequencies (frequency bins)
(in step S013). Then, the suppression processing unit 4H outputs the calculated amplitude spectra |Y(f)| after the sup-
pression to the inverse orthogonal transforming unit 41 (in step S014).

[0047] Then, the inverse orthogonal transforming unit 41 executes the inverse orthogonal transform on the phase
spectra argX(f) and the amplitude spectra |Y(f)| after the suppression and generates an output signal out(t) in the time
domain (in step S015). Then, the inverse orthogonal transforming unit 41 outputs the output signal out(t) through the
output unit 30 (in step S016).

[0048] Then, the controller 40 determines whether or not an input signal in(t) that is yet to be processed exists (in step
S017). When the controller 40 determines that the input signal in(t) that is yet to be processed exists (Yes in step S017),
the process returns to the process of step S001 in Fig. 9 and the aforementioned processes are repeated. On the other
hand, when the controller 40 determines that the input signal in(t) that is yet to be processed does not exist (No in step
S017), the process is terminated.

[0049] Next, a method of identifying a phase difference range in which a sound source may exist at the highest
probability is described with reference to specific examples illustrated in FIGs. 11 to 16.

[0050] FIG. 11 is a diagram illustrating a first specific example describing the noise suppression process according to
the first embodiment. As illustrated in FIG. 11, the first specific example assumes that three sound sources (first sound
source S-A, second sound source S-B, and third sound source S-C) exist. For more details, the first sound source S-A
exists in a phase difference range (2-1) between boundary lines BL1 and BL2, the second sound source S-B exists in
a phase difference range (2-2) between boundary lines BL2 and BL3, and the third sound source S-C exists in a phase
difference range (2-5) between boundary lines BL5 and BL6. In addition, the first specific example assumes that the
sound sources generate sounds at different times and thatn = 2.
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[0051] FIG. 12is a diagram describing a method of identifying the first sound source S-A in the first specific example.
FIG. 13 is a diagram describing a method of identifying the second sound source S-B in the first specific example. FIG.
14 is a diagram describing a method of identifying the third sound source S-C in the first specific example.

[0052] In FIGs. 12, 13, 14, and 16, points indicated by a black diamond shape indicate phase differences calculated
by the phase difference calculator 4C, and points indicated by a triangular shape indicate the phase differences * nn
or additional data. In addition, the coordinates of points indicated by the black diamond shape indicate phase differences
at a certain time, the coordinates of points indicated by an upward triangle indicate the phase differences + 2r at the
certain time, and the coordinates of points indicated by a downward triangle indicate the phase differences - 2x. In FIGs.
12, 13, 14, and 16, a range DM indicates a range in which phase rotation does not occur.

[0053] First, the method of identifying the first sound source S-A is described with reference to FIG. 12. In the first
specific example, in the frequency band in which phase rotation does not occur, the number of points indicative of phase
difference within the phase difference range (2-1) between the boundary lines BL1 and BL2 is the largest, as illustrated
in FIG. 12. Thus, the range selector 4E selects the phase difference range (2-1). In the first specific example, since few
points indicative of phase difference phase differences exist in each of other phase difference ranges as illustrated in
FIG. 12, and the range selector 4E selects only the phase difference range (2-1). In this case, the identifying unit 4F
identifies the phase difference range (2-1) as a phase difference range in which the number of the points indicative of
phase difference and phase difference = nn (additional data) is the largest. In this manner, the identifying unit 4F may
coordinate with the range selector 4E and estimate the phase difference range (2-1) in which the first sound source S-
A exists.

[0054] Next, the method of identifying the second sound source S-B is described with reference to FIG. 13. In the first
specific example, in the frequency band in which phase rotation does not occur, the number of points indicative of phase
difference within the phase difference range (2-2) between the boundary lines BL2 and BL3 is the largest, as illustrated
in FIG. 13. Thus, the range selector 4E selects the phase difference range (2-2). The first specific example assumes
that a phase difference range (2-3) between the boundary line BL3 and a boundary line BL4 satisfies the aforementioned
predetermined requirements. In this case, the range selector 4E selects the phase difference range (2-2) and the phase
difference range (2-3).

[0055] Itis assumed that a phase difference range in which the number of points indicative of either phase differences
or the phase differences * nrx that are additional data is larger than the predetermined third threshold Z3 is only the
phase difference range (2-2). In this case, the identifying unit 4F identifies the phase difference range (2-2) among the
phase difference ranges (2-2) and (2-3). In this manner, the identifying unit 4F may coordinate with the range selector
4E and estimate the phase difference range (2-2) in which the second sound source S-B exists.

[0056] Next, the method of identifying the third sound source S-C is described with reference to FIG. 14. In the first
specific example, in the frequency band in which phase rotation does not occur, the number of points indicative of phase
differences within the phase difference range (2-5) between the boundary lines BL5 and BL6 is the largest, as illustrated
in FIG. 14. Thus, the range selector 4E selects the phase difference range (2-5). The first specific example assumes
that the phase difference range (2-4) between the boundary lines BL4 and BL5 satisfies the aforementioned predeter-
mined requirements. In this case, the range selector 4E selects the phase difference ranges (2-5) and (2-4).

[0057] Itis assumed that a phase difference range in which the number of points indicative of either phase differences
or the phase differences * nrx that are additional data is larger than the predetermined third threshold Z3 is only the
phase difference range (2-5). In this case, the identifying unit 4F identifies the phase difference range (2-5) among the
phase difference ranges (2-4) and (2-5). In this manner, the identifying unit 4F may coordinate with the range selector
4E to estimate the phase difference range (2-5) in which the third sound source S-C exists.

[0058] FIG. 15is a diagram illustrating a second specific example describing the noise suppression process according
to the first embodiment. As illustrated in FIG. 15, the second specific example assumes that the two sound sources (first
sound source S-A and second sound source S-B) exist. For more detail, the second specific example assumes that the
first sound source S-A exists in the phase difference range (2-1) and the second sound source S-B exists in the phase
differenced range (2-4). Further, the second specific example assumes that the sound sources simultaneously generate
sounds and thatn = 2. FIG. 16 is a diagram describing a method of identifying the sound sources in the second specific
example.

[0059] In the second specific example, in the frequency band in which phase rotation does not occur, the number of
the points indicative of phase difference within the phase difference range (2-1) is the largest, as illustrated in FIG. 16.
Thus, the range selector 4E selects the phase difference range (2-1). The second specific example assumes that the
phase difference range (2-4) satisfies the aforementioned predetermined requirements. In this case, the range selector
4E selects the phase difference ranges (2-1) and (2-4).

[0060] It is assumed that the number of the points of either phase difference or the phase difference * nr that are
additional data is larger than the predetermined third threshold Z3 in each of the phase difference ranges (2-1) and (2-4).
In this case, the identifying unit 4F identifies the two phase difference ranges (2-1) and (2-4) as phase difference ranges
in which the sound sources exist. In this manner, the identifying unit 4F may coordinate with the range selector 4E and



10

15

20

25

30

35

40

45

50

55

EP 3 073 489 A1

estimate, as the phase difference ranges in which the sound sources exist, the phase difference range (2-1) in which
the first sound source S-A exists and the phase difference range (2-4) in which the second sound source S-B exists.
Thus, even when multiple sound sources simultaneously generate sounds, the identifying unit 4F may estimate phase
difference ranges in which the sound sources exist.

[0061] Next, effects that are obtained when the noise suppression technique according to the first embodiment is
applied are described with reference to FIGs. 17A and 17B. FIGs. 17A and 17B are diagrams describing the effects of
the noise suppression process according to the first embodiment. Conditions upon the execution of evaluation are as
follows.

[0062] (Condition 1) A microphone array is installed at the center of a square having sides of approximately 2 meters
in an acoustic booth.

[0063] (Condition 2) Noise is output from four speakers installed at corners of the square.

[0064] (Condition 3) A target sound is output from a position separated by approximately 0.1 meters from the micro-
phone array.

[0065] (Condition4)A distance D between microphones included in the microphone array is approximately 0.1 meters,
and the difference between the sensitivities of the microphones is large.

[0066] As illustrated in FIG. 17A, in a conventional technique 1 that has been proposed in Japanese Laid-open Patent
Publication No. 2014-137414 and is to suppress noise using a phase difference and an amplitude ratio, noise may be
suppressed in both low-frequency band equal to or lower than the maximum frequency Fmax at which phase rotation
does not occur and middle- or high-frequency band higher than the maximum frequency Fmax, but an output signal
out(t) after suppression may be distorted, as described later in detail. In a conventional technique 2 using only a phase
difference, distortion of an output signal out(t) after suppression is smaller than the conventional technique 1, but noise
is not suppressed in the middle- or high-frequency band higher than the maximum frequency Fmax, as described later
in detail.

[0067] In the noise suppression technique according to the first embodiment, however, noise may be suppressed in
both low-frequency band equal to or lower than the maximum frequency Fmax and middle- or high-frequency band
higher than the maximum frequency Fmax, and distortion of an output signal out(t) after the noise suppression is smaller
than the conventional technique 1.

[0068] FIG. 17B illustrates an example of actual suppression amount of noise upon the evaluation in conditions in
which the suppression amounts of stationary noise by the conventional techniques 1 and 2 and the present method are
almost equal to each other. In the example illustrated in FIG. 17B, the suppression amount of non-stationary noise
suppressed by the noise suppression technique according to the first embodiment is 6.7 dB and is the largest, and the
accuracy of suppressing noise by the noise suppression technique according to the first embodiment is the highest. In
addition, a sound suppression amount suppressed by the noise suppression technique according to the first embodiment
is 1.7 dB and is much lower than 3.7 dB that is the sound suppression suppressed by the conventional technique 1, and
distortion of an output signal out(t) after the noise suppression according to the first embodiment is smaller than the
conventional technique 1.

[0069] According to the aforementioned first embodiment, the noise suppression device 1 generates the additional
data obtained by rotating the phase differences based on the differences between the phases of the signals input from
the multiple microphones MC for each frequency. Then, the noise suppression device 1 selects, based on the phase
differences in the frequency band in which the phase differences are not rotated, one or multiple phase difference ranges
in which the sound source of the target sound included in the input signals may exist at a high probability. Then, the
noise suppression device 1 estimates, based on the phase differences and the additional data, a phase difference range
that is among the selected one or multiple phase difference ranges and exists in a direction toward the sound source.
Then, the noise suppression device 1 generates a signal out(t) in which the noise included in the input signals in(t) is
suppressed, based on suppression coefficients G(f) set based on whether or not the sound is input from the phase
difference range in which the sound source exists. Thus, even when the distance between the microphones is large and
the difference between the sensitivities of the microphones is large, the noise suppression device 1 may suppress noise
while suppressing distortion of the target sound (voice).

<Second Embodiment>

[0070] In the first embodiment, the noise suppression device 1 estimates a range in which a sound source exists and
that is among phase difference ranges between pairs of adjacent boundary lines BL. In the second embodiment, when
the range selector 4E selects multiple phase difference ranges and a phase difference range that is adjacent to a phase
difference range identified by an identifying unit 4F is any of the phase difference ranges selected by the range selector
4E, the identifying unit 4F identifies, as a range in which a sound source exists, a range that is within the adjacent phase
difference range and corresponds to the low-frequency band equal to or lower than the maximum frequency Fmax at
which phase rotation does not occur. Thus, phase difference ranges that correspond to the low-frequency band in which
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the accuracy of phase differences is low may be set to be large, while phase difference ranges that corresponds to the
middle- or high-frequency band in which the accuracy of phase differences is high may be set to be small. Thus, the
accuracy of suppressing noise may be improved.

[0071] FIG. 18 is a functional block diagram illustrating an example of a configuration of a noise suppression device
1 according to the second embodiment. A basic configuration of the noise suppression device 1 according to the second
embodiment is the same as that described in the first embodiment. The identifying unit 4F of the noise suppression
device 1 according to the second embodiment includes a first identifying unit 4F1 and a second identifying unit 4F2,
which is different from the identifying unit 4F described in the first embodiment.

[0072] The identifying unit 4F identifies a phase difference range that is among phase difference ranges selected by
the range selector 4E and in which a sound source exists. The firstidentifying unit4F 1 according to the second embodiment
is a functional unit corresponding to the identifying unit 4F according to the first embodiment. When the range selector
4E selects multiple phase difference ranges, the second identifying unit 4F2 determines whether or not at least any of
the phase difference ranges selected by the range selector 4E is a phase difference range that is adjacent to the phase
difference range identified by the first identifying unit 4F1. When at least any of the phase difference ranges selected
by the range selector 4E is the phase difference range that is adjacent to the phase difference range identified by the
firstidentifying unit 4F 1, the second identifying unit 4F2 identifies, as a phase difference range in which the sound source
exists, a phase difference range that is within the phase difference range adjacent to the phase difference range identified
by the first identifying unit 4F 1 and corresponds to the low-frequency band equal to or lower than the maximum frequency
Fmax at which phase rotation does not occur.

[0073] A method of identifying a phase difference range in which a sound source exists according to the second
embodiment is described based on a specific example with reference to FIGs. 19 and 20. FIGs. 19 and 20 are diagrams
describing the method of identifying a range in which a sound source exists according to the second embodiment.
[0074] The specific example assumes that the range selector 4E selects the phase difference ranges (2-2) and (2-3)
and that the first identifying unit 4F 1 identifies the phase difference range (2-2) among the phase difference ranges (2-2)
and (2-3). In this case, since the phase difference range (2-3) is adjacent to the phase difference range (2-2) as illustrated
in FIG. 20, the second identifying unit 4F2 identifies, as a phase difference range in which the sound source exists, a
phase difference range (3-3) that is within the phase difference range (2-3) and corresponds to the low-frequency band
equal to or lower than the maximum frequency Fmax at which phase rotation does not occur. In this case, the identifying
unit 4F identifies, as phase difference ranges in which the sound source exists, the phase difference ranges (2-2) and
(3-3), as illustrated in FIG. 20.

[0075] According tothe second embodiment, the noise suppression device 1 selects phase difference ranges in which
a sound source may exist at a high probability and identifies a phase difference range that is among the selected phase
difference ranges and in which the sound source exists. When multiple phase difference ranges are selected and at
least any of the selected phase difference ranges is a phase difference range that is adjacent to an identified phase
difference range, the noise suppression device 1 identifies also, as a phase difference range in which a sound source
exists, a phase difference range that is included in the phase difference range adjacent to the identified phase difference
range and corresponds to the low-frequency band equal to or lower than the maximum frequency Fmax at which phase
rotation does not occur. Thus, phase difference ranges that correspond to the low-frequency band in which the accuracy
of phase differences is low may be set to be large, while phase difference ranges that correspond to the middle- or high-
frequency band in which the accuracy of phase differences is high may be set to be small. Thus, the accuracy of
suppressing noise may be improved.

[0076] FIG. 21 is a diagram illustrating an example of a hardware configuration of each of the noise suppression
devices 1 according to the embodiments. Each of the noise suppression devices 1 illustrated in FIG. 1 and the like may
be achieved by hardware parts illustrated in FIG. 21, for example. In the example illustrated in FIG. 21, the noise
suppression devices 1 each have a CPU 201, a RAM 202, a ROM 203, an HDD 204, an audio interface 205 to be
connected to the microphones MC and the like, and a reading device 206. The hardware parts are connected to each
other through a bus 207.

[0077] The CPU 201 loads an operation program stored in the HDD 204 into the RAM 202 and executes the various
processes while using the RAM 202 as a working memory. The CPU 201 executes the operation program and thereby
achieves the functional units of the controller 40 illustrated in FIG. 1 and the like.

[0078] The aforementioned processes may be executed by storing the operation program to be used to execute the
aforementioned operations in a computer-readable recording medium 208 such as a flexible disk, a compact disc-read
only memory (CD-ROM), a digital versatile disc (DVD), or a magnetooptical disc (MO), distributing the operation program,
reading the operation program by the reading device 206 of the noise suppression device 1, and installing the operation
program in the computer. The operation program may be stored in a disk device or the like included in a server device
on the Internet and be downloaded into the computer of the noise suppression device 1 through a communication module
(not illustrated).

[0079] In each of the embodiments, a storage device of another type other than the RAM 202, the ROM 203, and the
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HDD 204 may be used. For example, each of the noise suppression devices 1 may include storage devices such as a
content addressable memory (CAM), a static random access memory (SRAM), and a synchronous dynamic RAM
(SDRAM).

[0080] In the embodiments, the hardware configuration of each of the noise suppression devices 1 may be different
from that illustrated in FIG. 21, and hardware other than the standards and types exemplified in FIG. 21 is applicable to
the noise suppression devices 1.

[0081] For example, the functional units of each of the controllers 40 of the noise suppression devices 1 illustrated in
FIG. 1 and the like may be achieved by a hardware circuit. Specifically, the functional units of each of the controllers 40
illustrated in FIG. 1 and the like may be achieved by a configurable circuit such as a field programmable gate array
(FPGA), an application specific integrated circuit (ASIC), a digital signal processor (DSP), or the like. The functional
units may be achieved by the CPU 201 and the hardware circuit.

[0082] The embodiments are described above. It is, however, to be understood that the embodiments are not limited
to the aforementioned embodiments and may include various modified and alternative examples of the aforementioned
embodiments. For example, it will be understood that the embodiments may be achieved by modifying at least any of
the constituent elements without departing from the gist and scope of the embodiments. In addition, it will be understood
that various embodiments may be achieved by combining at least two of the constituent elements disclosed in the
aforementioned embodiments. Furthermore, it will be understood by persons skilled in the art that various embodiments
may be achieved by removing constituent elements from all the constituent elements described in the embodiments,
replacing constituent elements among all the constituent elements described in the embodiments with other constituent
elements, or adding constituent elements to the constituent elements described in the embodiments.

Claims

1. A noise suppression device configured to suppress noise in signals input from a plurality of microphones, the noise
suppression device comprising:

a generator configured to generate, on basis of phase differences between phases of the signals input from the
plurality of microphones for each frequency, additional data obtained by rotating the phase differences;

an estimator configured

to select, on basis of the phase differences in a frequency band in which the phase differences are not rotated,
one or multiple ranges in association with a direction in which a sound source of a target sound included in the
input signals exists at a high probability, the one or multiple ranges being defined on a frequency and phase
difference plane, and

to estimate, on basis of the phase differences and the additional data, a range that is among the selected one
or multiple ranges and in which exists the sound source; and

an output signal generator configured to generate, on basis of a suppression coefficient set on basis of a result
of determination of whether or not the sound source exists in the estimated range, a output signal in which the
noise in the input signals is suppressed.

2. The noise suppression device according to claim 1,
wherein the estimator selects a range on the frequency and phase difference plane on basis of the number of the
phase differences in the frequency band in which the phase differences are not rotated.

3. The noise suppression device according to claim 1,
wherein the estimator further estimates the range that is among the selected one or multiple ranges and exists in
the direction toward the sound source on basis of the number of the phase differences and additional data within
the selected one or multiple ranges in an entire frequency band.

4. The noise suppression device according to claim 1,
wherein when an adjacent range that is any of the one or multiple ranges and is adjacent to the estimated range,
the estimator estimates, as a range in which the sound source exists, a range in a frequency band in which the
phase differences are not rotated, the range being included in the adjacent range.

5. The noise suppression device according to claim 1, further comprising

a calculator configured to calculate the suppression coefficient on basis of whether or not the sound is generated
from the range in which the sound source exists.
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The noise suppression device according to claim 5,

wherein the calculator determines whether or not any of the phase differences and the additional data is included
in the estimated range corresponding to a frequency band excluding the frequency band in which the phase differ-
ences are not rotated, and thereby determines whether or not the sound is generated from the range in which the
sound source exists.

The noise suppression device according to claim 5,

wherein the calculator determines whether or not the phase differences are included in the estimated range corre-
sponding to the frequency band in which the phase differences are not rotated, determines whether or not any of
the phase differences and the additional data is included in the estimated range corresponding to the frequency
band excluding the frequency band in which the phase differences are not rotated, and thereby determines whether
or not the sound is generated from the range in which the sound source exists.

The noise suppression device according to claim 1, further comprising
a setting unit configured to set a plurality of ranges into which a range of the phase differences is divided on the
frequency and phase difference plane.

The noise suppression device according to claim 8,
wherein the setting unit sets a plurality of equal ranges into which the range of the phase differences is divided on
the frequency and phase difference plane.

The noise suppression device according to claim 8,

wherein the setting unit sets a plurality of ranges into which the range of the phase differences is divided on the
frequency and phase difference plane and that each become wider as absolute values of phase differences included
in the range become larger.

The noise suppression device according to claim 8,
wherein the setting unit sets the plurality of ranges so as to ensure that a part of each of the ranges overlap a part
of at least any of ranges adjacent to the range.

The noise suppression device according to claim 8,
wherein the setting unit sets the plurality of ranges so as to ensure that the ranges of the phase differences are
smaller as the frequency is lower.

A noise suppression method to be executed by a noise suppression device configured to suppress noise in signals
input from a plurality of microphones, the noise suppression method comprising:

generating, on basis of differences between phases of the signals input from the microphones for frequencies,
additional data obtained by rotating the phase differences;

selecting, on basis of the phase differences in a frequency band in which the phase differences are not rotated,
one or multiple ranges in association with a direction in which a sound source of a target sound included in the
input signals exists at a high probability, the one or multiple ranges being defined on a frequency and phase
difference plane;

estimating, on basis of the phase differences and the additional data, a range that is among the selected one
or multiple ranges and exists in the direction toward the sound source; and

generating, on basis of a suppression coefficient set on basis of a result of determination of whether or not the
sound source exists in the estimated range, a output signal in which the noise in the input signals is suppressed.

14. A program for causing a computer to execute a process for noise suppression, the process comprising:

generating, on basis of differences between phases of the signals input from the microphones for frequencies,
additional data obtained by rotating the phase differences;

selecting, on basis of the phase differences in a frequency band in which the phase differences are not rotated,
one or multiple ranges in association with a direction in which a sound source of a target sound included in the
input signals exists at a high probability, the one or multiple ranges being defined on a frequency and phase
difference plane;

estimating, on basis of the phase differences and the additional data, a range that is among the selected one
or multiple ranges and in which the sound source exists; and
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generating, on basis of a suppression coefficient set on basis of a result of determination of whether or not the
sound source exists in the estimated range, a output signal in which the noise in the input signals is suppressed.

15. A non-transitory computer-readable recording medium having stored therein a program for causing a computer to
execute a process for noise suppression in signals input from a plurality of microphones, the process comprising:

generating, on basis of differences between phases of the signals input from the microphones for frequencies,
additional data obtained by rotating the phase differences;

selecting, on basis of the phase differences in a frequency band in which the phase differences are not rotated,
one or multiple ranges in association with a direction in which a sound source of a target sound included in the
input signals exists at a high probability, the one or multiple ranges being defined on a frequency and phase
difference plane;

estimating, on basis of the phase differences and the additional data, a range that is among the selected one
or multiple ranges and in which the sound source exists; and

generating, on basis of a suppression coefficient set on basis of a result of determination of whether or not the
sound source exists in the estimated range, a output signal in which the noise in the input signals is suppressed.

13
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